Objectives: Unplanned 30-day readmission rates contribute significantly to growing national healthcare expenditures. Drivers of unplanned 30-day readmission after spinal cord stimulator (SCS) implantation are relatively unknown. The aim of this study was to determine drivers of 30-day unplanned readmission following SCS implantation.
INTRODUCTION
Reducing unplanned readmission has become a major goal of health care reform initiatives in the United States. Unplanned readmissions are costly, resulting in a burden of more than $40 billion annually to the U.S. health care system (1) . Furthermore, high readmission rates negatively impact patient outcomes, and high 30-day readmission rates are linked to increased risk of postsurgical mortality (2) (3) (4) . Accordingly, recent health care reform efforts have been initiated to reduce 30-day readmission rates and improve patient outcomes accordingly (5) . For example, the Centers for Medicare and Medicaid Services have implemented initiatives to penalize hospitals financially for high 30-day readmission rates (5) .
The spine is the most common location for chronic pain, and chronic back pain has been reported to affect 54-80% of the population (6) . Spinal cord stimulation (SCS) is a treatment modality that has dramatically risen in popularity to treat chronic, medically refractory back and leg pain (7) . Nearly 14,000 patients undergo implantation of SCS devices annually for conditions such as complex regional pain syndrome, failed back surgery syndrome (FBSS), and ischemic leg pain (8) . SCS has been shown to reduce overall healthcare costs otherwise associated with neuropathic pain due to decreased requirement for narcotic consumption and hospital visits (9) . Recent studies have explored the complication profile associated with SCS, reporting mechanical complications (i.e. electrode migration, electrode breaks) to be the most common complications that led to SCS failure (10) (11) (12) (13) . However, to date, the drivers of unplanned 30-day readmission after SCS implantation remain relatively unknown. The aim of this study was to determine the drivers of 30-day unplanned readmissions following SCS implantation.
METHODS Data Source and Patient Population
We utilized the Healthcare Cost and Utilization Project Nationwide Readmissions Database (HCUP-NRD), containing more than 49.0% of the U.S. population and hospitalizations reported to the American Hospital Association in 2013. This database contains more than 100 clinical and nonclinical variables, including patient demographics, diagnoses, procedures performed, expected source of payment, total hospital charges, length of stay, and hospital readmission. We performed a retrospective review of patients undergoing primary SCS implantation during the 2013 calendar year, and the all-cause reason for 30-day hospital readmission.
International Classification of Diseases, Ninth Revision [ICD-9] procedural code 03.93 was used to select patients undergoing an SCS implantation. A total of 1521 patients were identified and grouped by readmission status (No Readmission: 1,408 patients; Unplanned 30-Day Readmission: 113 patients).
Data Collection
Patient demographics, hospital characteristics, comorbidities, and discharge dispositions were collected for each patient and compared between the cohorts. Patient demographics included age, gender, median household income percentile, and primary expected payer (Medicare, Medicaid, private insurer, self-pay, other). Hospital characteristics included teaching status (metropolitan teaching, metropolitan nonteaching, and nonmetropolitan) and bed size (small, medium, large). Comorbidities assessed included alcohol abuse, congestive heart failure (CHF), chronic pulmonary disease, coagulopathy, deficiency anemias, depression, diabetes, drug abuse, hypertension (HTN), hypothyroidism, other neurological disorders, obesity, peripheral vascular disorders (PVD), pulmonary circulation disorders, and rheumatoid arthritis/collagen vascular diseases. Obesity was defined as a BMI 30 kg/m 2 , as indexed in NRD. The primary outcome investigated in this study was the rate of unplanned 30-day readmission and the most prevalent drivers.
Statistical Analysis
Descriptive statistics were used to for patients' demographics, hospital characteristics, and comorbidities, of the study population grouped by those with unplanned 30-day readmission and no readmission after SCS implantation. Continuous variables were summarized by readmission groups using means and standard deviations if normally distributed and medians with interquartile range (IQR) in addition if skewed. Univariate comparisons between readmission groups were made by t-test if normally distributed or Wilcoxon rank sum test if skewed. Categorical variables were described using counts and percentages. Univariate comparisons between groups were made using the chi-square test or Fisher's exact test in the presence of expected cell counts smaller than 5, due to increased accuracy for small counts. For the most frequent principle diagnoses among the study population, proportions of unplanned 30-day readmission were described by counts and percentages. Logistic regression was used to evaluate the effect of each risk factor on unplanned 30-day readmission adjusting for other potential risk factors. Potential risk factors were selected among all risk factors that were both most clinically relevant with sufficient sample size under each of risk factor category. Bonferroni correction on p-value was also used in identifying risk factors using multivariate logistic regression. Significance cutoff was chosen at 0.05. All analyses and data processing were conducted using SAS software, V9.4, SAS Institute Inc., Cary, NC, USA.
RESULTS
In our study cohort, a total of 1521 patients underwent SCS implantation, with 7.4% having an unplanned readmission within 30 days (Unplanned readmission: n 5 113, No readmission: n 5 1408). Mean ages of the cohorts were similar with the readmitted cohort being 59.9 6 14.7 years and 57.3 6 14.3 years for the nonreadmitted cohort (p 5 0.0893). Between both groups, no significant differences in gender (p 5 0.7177), median household income percentile (p 5 0.8594), or primary expected payer (p 5 0.3029) were observed. Hospital characteristics were similar between both groups, with no differences observed between teaching status (p 5 0.8113) and hospital bed size (p 5 0.8919), Table 1 .
There were no significant differences between both groups in prevalence of other co-morbidities such as alcohol abuse, CHF, chronic pulmonary disease, coagulopathy, deficiency anemias, depression, diabetes (uncomplicated), drug abuse, HTN, hypothyroidism, other neurological disorders, obesity, PVD, pulmonary circulation disorders, and rheumatoid arthritis/collagen vascular diseases, Table 2 .
The most prevalent driver of unplanned 30-day readmissions were due to infection, with 26.54% due to other infections not related to device (including systemic, pneumonia, and wound infections) and 12.39% due to infection of the SCS device (limited to only hardware infection), Figure 1 . These rates are proportions of the 7.4% of patients readmitted, therefore, the nondevice-related and device-related infection rates of the entire 1521 cohort are 1.97 and 0.92%, respectively.
Obesity was an independent predictor of unplanned 30-day readmission while adjusting for age, gender, income status, chronic pulmonary disease, depression, diabetes, and hypertension without Bonferroni correction on p-value, Table 3 . Patients with obesity were found to have 1.86 higher odds of having an unplanned 30-day readmission, compared to non-obese patients (OR: 1.86, p 5 0.008).
DISCUSSION
In this retrospective study, we found that infection and mechanical complications were the major drivers of unplanned 30-day readmission after SCS implantation, with obesity as an independent predictor of readmission. Infection is one of the most costly and preventable complications associated with SCS implantation (14) . Infections are typically one of the earliest appearing complications following SCS implantation surgery (15) , and occur in the subcutaneous pocket where the device was placed or on the device surface between the extension and the electrode (14) . According to the Neuromodulation Appropriateness Consensus Committee, infection is considered one of the major complications of SCS implantation and a prevalent driver toward removal or failure of the device, with a reported infection rate between 4 and 10% (7, 16) . Adherence to infection control guidelines regarding antibiotic prophylaxis and surgical techniques have lowered the reported incidence of infections following SCS implantation (7, (10) (11) (12) (13) . In a retrospective study of 260 patients undergoing SCS implantation, Reig and Abejon reported an infection incidence of 5% with the majority of complications instead attributable to hardware complications (10) . Similarly, Cameron reported infectionrelated complications to be significantly less common than technical complications following SCS implantation in a retrospective literature review of 68 studies reporting SCS outcomes (11) . In this review, an infection rate of 3.4% was reported among the overall population of 3679 patients receiving SCS devices (11) . In comparison, we identified a nondevice infection rate of approximately 26%, with devicerelated infection of approximately 12% in patients readmitted within 30-days of SCS implantation. However, while these infection rates only represent those within 30-days of SCS implantation, there may be more infections after 30-days.
Previous studies have reported a high incidence of mechanical complications after SCS implantation. In a retrospective, 20-yearlong study of 260 patients with SCS implants, Reig and Abejon found that hardware complication due to lead migration, lead breakage, or generator failure accounted for 39% of the observed complications (10) . Similarly, in a systematic review of available literature studying the use of SCS to treat FBSS, Turner et al. reported that the most common complications that afflicted 30% of patients were related to hardware malfunction (13). Zan et al. also reported prominent technological problems that led to a 16.7% revision rate in a retrospective study of 24 patients with implantable SCS devices (12) . In a retrospective literature review of 68 articles totaling 3679 patients undergoing SCS for chronic pain conducted by Cameron, lead migration and hardware malfunction were the two most common complications (11) .
Since the conception of SCS implantation in 1967, the hardware used for SCS has advanced considerably in an attempt to lower the high rate of technical complications (8) . Lead migration is a common problem leading to early complications, as recent studies have identified a prevalence of 13-22% of migrations occurring (11, 17) . Early interventions to reduce this complication included the advent of multicontact electrode arrays, along with percutaneous and laminotomy-guided lead placement; while migration rates lowered after these advances, the problem still persists (18) . In a comparison study of 13,774 patients who underwent SCS implantation with paddle vs. percutaneous leads, Babu et al. demonstrated that patients receiving paddle leads were more likely to have greater initial postoperative complications, but were associated with a significantly lower long-term reoperation rate when compared to patients who received the percutaneous leads (19) . More recently, North et al. found that injection of adhesive into the silicone elastomer lead anchor as well as use of stronger suture and a fascial incision to secure the anchor eliminated this complication in a retrospective study of 142 patients undergoing SCS from 2007 to 2013 (18) . Lead breakage is another common hardware complication of SCS; to circumvent this problem, Henderson et al. developed a computer model to simulate SCS movement and found that paramedian placement of leads as well as abdominal pulse generator placement reduced the incidence of breakage and increased SCS hardware longevity (20) . Despite these advances, we found that hardware complications remain a common cause of unplanned readmission after SCS. Given the recent technological evolution of SCS devices, future studies are necessary to monitor whether more recent hardware improvements lead to better patient outcomes and lower readmission rates. While the potential complications associated with SCS have been reported in the aforementioned studies, readmission rates, and drivers after SCS implantation remain relatively understudied. Zan et al. reported a readmission rate of 8.3% due to irritation/discomfort at the implantable pulse generator site (12) . In a prospective, randomized study of ten patients with heart failure undergoing SCS implantation conducted by Torre-Amione et al., one patient was readmitted due to infection around the implantable pulse generator site (21) . This finding is consistent with the predominance of infectious etiologies for unplanned 30-day readmissions in our cohort. However, we also reported noninfectious causes of readmission including mechanical complications and medical problems including cardiac complications and postoperative pain. Further studies are needed to examine the prevalence of infectious, hardware-related and medical causes of 30-day readmission after SCS implantation in an effort to maximize healthcare savings and improve patient outcomes.
We found that obesity was an independent predictor of unplanned 30-day readmission while adjusting for age, gender, income status, chronic pulmonary disease, depression, diabetes, and hypertension. Obesity poses unique risks both from a technical and infectious standpoint during implantation of spinal cord stimulators. Accordingly, a link between obesity and postoperative complications after spinal cord stimulator implantation has been established in the literature (22, 23) . Marola et al. reported a higher complication rate among patients with BMI > 36.5 in a retrospective review of 77 patients undergoing SCS implantation (23) . Similarly, in a retrospective study of 141 patients undergoing SCS implantation for chronic pain syndrome, Bir et al. found that BMI > 30 kg/m 2 was predictive of need for early revision after surgery due to mechanical complications such as hardware malfunction or lead migration (22) . These mechanical complications are likely attributable to technical challenges inherent to operating on obese patients, as patient positioning and tissue depth can interfere with lead and generator placement (23, 24) . In addition to mechanical complications, high BMI has been linked with increased postoperative infections after spinal surgery (25) (26) (27) (28) . Both of these complications contribute to the association between obesity and increased 30-day readmission rates seen both in the spine surgery literature (29) (30) (31) and in our study. Owing to the increasing number of obese patients suffering from chronic pain syndrome and undergoing SCS implantation, these risks warrant consideration in the preoperative setting (23) .
This study has limitations, which has implications for its interpretation. First, our sample size is small, which limits our ability to make any firm conclusions. Our data is only representative of readmission rates in 2013 and variables such as the electrode placement location, technique and stimulator parameters, and whether the leads were paddle or cylindrical were not collected. Additionally, the nature of national databases limits the ability to provide details regarding the reason and medical and/or surgical management for patients with complications and 30-day readmissions, such as hardware infections or mechanical complications. Moreover, the data collected were only for patients readmitted to a hospital, whereas patients could have been seen in an outpatient setting, thus preventing hospital readmission and may have implications on the results. Although pre-and perioperative variables were prospectively recorded into the study registry at the time of surgery, these variables were retrospectively analyzed for the purposes of this study and as such are subject to the pitfalls associated with all retrospective reviews. Furthermore, NRD indexes obesity as a BMI 30 kg/m 2 , therefore, the BMI range of the readmitted patients is unavailable and may have implications on the impact obesity has on 30-day readmission rates. Despite these limitations, this study demonstrates that infection and mechanical complications are the major drivers of unplanned 30-day readmission after SCS implantation.
CONCLUSION
Our study suggests that infectious and mechanical complications are major drivers of unplanned 30-day readmission after SCS implantation, with obesity as an independent predictor of unplanned readmission. Given the technological advancement of SCS, repeated studies are necessary to identify risk factors associated with unplanned 30-day readmission rates after SCS implantation in order improve patient outcomes and reduce associated healthcare costs. Future solutions that focus on reducing preventable readmissions to evaluation in the clinic setting can increase patient quality of care and reduce healthcare costs.
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COMMENTS
This work is of profound importance to open a lid on a hitherto unknown aspect of SCS implanting. Frankly the 7.4% unplanned hospital readmission rate shocked me. I would have guessed at 2% being a likely figure but clearly I am wrong. This is why this sort of work needs to be done. To establish a baseline and then look for ways to improve the results.
A number of caveats and recommendations: This sample represents 11% of the total number of SCS cases done per year in the United States. It would be good to look at additional databases to try and sample 20% or greater of the total pool to have security that the results of the sample translate to the whole. Secondly, this represents one year, with unknown annual variation inherent in that. The study needs to be repeated for the 2012, 2014, and 2015 years to look at trends as well as averaging across 3-4 years to get a feel of the likely true incidence.
Then comes the hard work: delving in to why this is occurring in more granular detail. Why do 2% of all SCS implants lead to readmission for non-SCS related infection (26.54% of the total 7.4%)? Are these urinary tract infections? If so, should we do preoperative MSU culture? Are these patients being catheterized? Is this pulmonary atelectasis after general anesthesia that turns into respiratory tract infection? Does the patient truly need a GA? All this will require further work, ideally with prospective studies. In Australia we have gone from considering 5% infection rates acceptable to where less than 1% is culturally acceptable using aggressive multimodal infection prophylaxis techniques. Now we must turn the same effort and attention to unplanned readmission rates and seek to have those below 1% as well. More studies are needed (especially European/ non USA studies) so we can have a global handle on the problem and develop comprehensive solutions.
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